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lon sources for medical applications wu

Three types of applications will be described :

e hadron therapy facilities (protons and Carbon ions)
* BNCT (protons)

e isotope production (different ion species)

The three types of applications present also different requirements in terms of ion

beam quality, reproducibility and beam availability.

Different characteristics of ion sources will be described, along with a more detailed
description of a few particular sources which are particularly interesting or largely
used. This lecture will not describe the variety of lon Sources for medical application,

which would require much more time.
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What is a source made of? ot

There is no single drawing of an ion source, such are the variations in
their approaches. But typically a source contains:

A plasma or discharge chamber
P & A hole to let the ions out!

Material input

on syste m
Reproduced from CERN Acc. School - lon sources (2012)



What Else Is Needed... mﬁ
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POWGF Source Vacuum Pumping ‘ /~ diFisica Nucleare
Power Supplies / RF / Laser

+ Cooling

+ Computer
Controls

+ LEBT

+ Beam Stop
+ Gate valve
etc.

' i_ Lr. ~

Interlocking +
Safety Systems

Plasma diagnostics

Reproduced from CERN Acc. School - lon sources (2012)



Ideal ion source for hadrontherapy must : mﬁ
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v Produce the necessary beam current for the treatment (with a
margin of 20% or more), i.e. 200-400 epA for carbon ions, three
times more for protons

v’ generate an emittance lower than accelerator acceptance;
v have high stability, low beam ripple and high reproducibility;
v’ be user friendly;

v high MTBF;

v low maintenance.



Ideal ion source for BNCT must have: INF

v’ the necessary beam current (with a margin of 20% or
more), i.e. many mA of protons

v/ an emittance lower than accelerator acceptance;
v high stability and high reproducibility;

v’ user friendly;

v" high MTBF;

v" low maintenance.



Ideal ion source for isotope production must have: yr

v’ beam current as large as possible, depending on the limits
on target reliability;

v/ an emittance lower than accelerator acceptance;
v' good stability;

v’ user friendly;

v high MTBF and short MTTR;

v low maintenance

v moderate installation and maintenance cost



Ideal ion source ? INFN

v' Some sources may be adapted for different application, i.e. a
source producing multiply charged ions may work for
hadrontherapy and some isotope productions, while intense
beam of protons are for BNCT and for isotope production

v’ Often to minimize the spare parts and complexity the same
type of ion source is chosen in two copies

v' Uptime is a key element for medical applications, with stringent
requirements w.r.t. the ion sources devoted to nuclear physics
accelerators.
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lon source for hadrontherapy - Two cases:

* In the case of facilities which provide only protons (33), different ion sources can

be chosen, that provide the needed current (in the order of 1-2 mA)

e carbon beams: highly charged carbon beams with the above said characteristics

may be produced by Electron Cyclotron Resonance lon Sources (3 facilities at NIRS,

Chiba, Gunma and Lanzhou)

* In the case of facilities which provide both species, the best solution is anyway an

ECRIS (3 facilities, at HIT Heidelberg, CNAO Pavia, Hyogo)
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The trend of proton therapy e

Research

facilities

1954 LBNL Optivus
1957 Uppsa'jzsoMeV Sync.]

E - Commercial based machines
1967 JINR 1991 Loma Linda
1969 ITEP IBA / Sumitomo
1975 NP [230MeV Cyc.]  Hitachi
| ¥ 1998 Kashiwa [250MeV Sync.] Mitsubishi _
ey (i 2001 Boston 2001 Tsukuba [235MeV Sync.] Varian (Accel)
2004 Bloomington 2003 Shizuoka [250MeV SC
_ 2004 Zibo
1989 Clatterbridge 2006 Jacksonville 2006 Houston Ly
1991 Orsay, Nice, 2006 llsan
\
193§V§}§'c 2008 Koorlyama 2007 Villigen
1995 TRIUME 2009 Oklahoma
2009 Philadelphia .
1998 HMI 2010l sk 2009 Munich
2002 INFN-LNS 501] F‘:i‘:i'
Various type Duo
of lasmatrokivingston-type  Microwave 2.45 GHz Cold
proton P PIG ion source ECR cathode
PIG

source
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National Cancer Center (NCC) INFN

lon Beam Applications s.a. (IBA) and Sumitomo

Heavy Industry, Co. (SHI)

-~ [

Ny .
235 MeV cyclotron
1998 Kashiwa
2001 Boston
2004 Bloomington
2004 Zibo
2006 Jacksonville
2006 llsan
2009 Oklahoma
2009 Philadelphia
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== Reflector

- / Cathode

610

Extraction
Slit

Filament

=

Type: Livingston-type internal ion source
Arc voltage: 140 V

Arc current: 500 mA

Max. Beam intensity: 10 uA, H*
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Proton Medical Research Center INEN

(PMRC), University of Tsukuba (g

Hitachi Ltd.

Synchrotron

Type: Microwave ion source
250 MeV Synchrotron Microwave frequency: 2.45 GHz

2001 Tsukuba

2006 Houston Microwave power: 1.3 kW

Max. Beam intensity: 30 mA, H*
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Multicusp Volume Production H- lon Source m?
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The TRIUMF H' source L/ di Fisica Nucleare
*The TRIUMF H- source was

developed ~1990 to inject H-into Smeg  SORCE
the TRIUMF Cyclotron. [ ﬂ\ /

30ky LEN. P/S [ | ARC P/S
& Hif“

*A filament driven plasma is ARV B/S l l | ik

confined by a multicusp field LIGHT FEED BACK

*Filter field generated by two i L— [
inverted cusp magnets near the P b/ | LS L L
outlet. — =
A6 mA, 5.8 keV copy was
developed for Jyvaskyla.

Beam Current: 15 mA continuous
lon Energy: 20-30 kv

Filament: 340A,3.5V; 1.2 kW
Arc supply: 29 A, 120V; 3.5 kW
Normalized rms ~0.22 n-mm-mrad
emittance

Plasma lens 30A,10V; 0.3 kW
Efficiency: ~3 mA / kW
Filament lifetime: 14 days at peak current

15



The Berkeley H- developments-RF antennas nﬁ

*In 1990 Leung et al. report the use of inductively generated ”,
plasma for producing H- beams “with almost no lifetime i

limitation”.

The efficiency is higher than their filament source. /

*In 1993 Leung et al report a 3 fold gain in H- beam

using a collar with SAES Cs dispenser.

*In 1996, Saadatmand et al. report 70-100 mA running at 10 L
Hz 0.1 ms with the SSC source modeled after the LBNL
source. H- beam appeared to be stable for up to 8 hrs.

From K.N. Leung, RSI 64 (1993) 970

H- CURRENT (mA)

g

From K.N. Leung, RSI 61 (1990) 1110

WO
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The SNS Baseline lon Source and LEBT INEN
*LBNL developed the frs]Ns Hc'jion c Dumping RFQ entrarce flan Fo[
source, a cesium-enhanceaq, us -

multicusp ion source. mag?‘lets Cesium magnets /E dump Lens1 Lens 2 I

Plasma collar
A

*Typically 300 W from a 600-W, 13-
MHz amplifier generates a continuous
low-power plasma.

*The high current beam pulses are
generated by superimposing

50-60 kW from a pulsed 80-kW, 2-Mz
amplifier.

Filter
magnets

RF antenna

—ITI7I

Outlet Extractor
electrode Ground electrode

*The two-lens, electro-static LEBT is 12-cm long. Lens-2 is split into four quadrants to steer, chop,
and blank the beam.

*The compactness of the LEBT constrains beam characterizations in front of the RFQ. The beam current is
measured after emerging from the RFQ, which equals the LINAC beam current.

*Measuring the chopped beam on the RFQ entrance flange shows ~50 mA being injected into the RFQ under
nominal conditions (= ~38 mA LINAC peak current).

Thisis~230Cof H-ions perday!
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Helicon Discharge Surface Plasma Source. (PR

H- beam

! 11 12

1- gas valve; 2- discharge volume; 3- discharge vessel; 4- helicon saddle like
antenna,; 5- magnetic coil; 6- ion/atom converter; 7- electron flux; 8-
emission aperture (slit); 9- extraction electrode; 10-suppression /steering
electrode; 11- ion beam.
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Source Supernanogan
Type ECR

Magnets permanent
lon Carbon
Charge 4+

Required intensity Low

(difference in irradiation method)
Extraction voltage 24 kV

Frequency 14.25-14.75 GHz
Operation CwW
Gas Co,

Supernanogan: beam stability
Kei series: intensity

Kei series
ECR
permanent
Carbon

4+

High

30 kV
9.75-10.25 GHz
Pulse

CH,

L

lon sources for carbon ion therapy m?

stituto Nazionale
Fisica Nucleare



Supernanogan INFN

Heidelberg, CNAO, Marburg,
Kiel, Shanghai, Med-Austron

Magnetic field production
All permanent magnet

Microwave

Frequency 14.25-14.75 GHz
Operation mode CwW

Extraction voltage 24 kV@C4+




. . 7
Ke1 series NN

Kei2 source KeiGM

Magnetic field production
All permanent magnet

Microwave
Frequency 9.75-10.25 GHz
Operation mode  pulse

Extraction voltage 30 kV@C4+

& —

HIMAC, Gunma U., Saga
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INFN
ECRIS su bsystems (L el
lon beams are usually Microwave and GAS injection
extracted from plasmas. In Biosed O“gi aos input 1
ECRIS the plasma is sustained Ouven

by microwaves confined by
means of magnetic fields

M
g

Ton Extraction

Magnetic confinement syst

Plasma Chamber

WGl
1
=T Gas input 2
Se S
N

23



. INF
The creation of the ECR Plasma o Vol

During plasma start-up a modest
number of free
electrons exists

>

Magnetic Field with the frequency:

Electrons turn around
the magnetic field lines

we = qB/m

The ionization up to high charge state is a step by step process
which requires long ion confinement times and large electron

densities.

100 uA of Xe3%* or more can be obtained in 37 generation ECRIS

The energetic electrons ionize
the gas atoms and create a
plasma.

electromagnetic wave transfers

A circulary polarized

its energy to the electrons by
means of the ECR :
Wrr= Wg




The CUTOff d ensi Ty w o e

42
E(W) ~ 1 — ﬁ The propagation of e.m. waves is possible if €>0
’ 2
W
2 The plasma frequency is connected to self-generated
o 4mnee | s .
W = plasma oscillations which strongly affect the wave
p Me propagation.

Above the cutoff the wave cannot propagate:

o 277?60 9
ncutoff 47 €2 D

25
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ECRIS Standard Model M
| Fisica Nucleare
lScaIing Laws
(R. Geller-1987): 1. We have to increase the Microwave
For many years they represented the frequency to attain higher electron
. ‘ densities
guideline for ECRIS development
2. The confinement is essential but no
® 2 conditions on magnetic field
] RF <q> o longg distribution
M
High-B Mode

(G. Ciavola-S.Gammino, 1990) High mirror rations ensure the

, MHD stability exploiting the
It doesn t conflict with Scaling Laws, but itIimitH densityincreas\e/. g °

their efficiency to high confined plasmas

B

5.~ 2| B>4T for future ECRIS !

26



Overcoming the current limits of ECRIS INFN

Roadmap indicated by the ECR Standard Mad E

e High Frequency Generators;

e High Magnetic Fields;

Investigations about RF energy
transfer to the electrons may allow
to overcome the limits

!

lu asure IJ[d/uf

"'-~:ﬁ.-_ua 4 ’ B

Q_,, .

for N

. Cv Uw
Beachs

By quickly replacing the loss hot
electrons we can increase the
Electron Density and the heating
rapidity

The optimization of the wave-
electron energy transfer allow
to slightly relax the
confinement conditions

27



Beam intensity of Carbon mﬁ |

L/?."F'.”s'. 33333333333
Observation of gas mixing effect at NIRS-ECR
C2+ optimized C4+ optimized
900 400
VR A —
% 400 <:’:5 200
o 300 — o —&— CH4
5 100 \ = 100
&) -]
0 L A ESA
0123456 0123456
charge state charge state

A. Kitagawa et al., Rev. Sci. Instrum. 71, 1061 (2000).

C# intensity is higher for CH, than CO.

In this case, the deposition of carbon on the wall surface causes serious effects.
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Maintenance-free ion source ”“1!{1 e
IMAC ‘ / diFisica Nucleare
Mar. 2004 Mar. 2006

Mar. 2005 May 2007

output current (epA)
S
o
! |
h%v/

o
200

| NIRS-ECR

0 | ()8 I I "

T several days 1 2 3year
cleaning

« Carbon deposit on the wall increases
-> intensity decreases
-> stability and reproducibility worsen

Supernanogan: CO, for stability under the
long operation

Kei series: low duty pulsed mode (reduce the
carbon deposition)




3. lon Sources of HIMAC for Carbon lon Radiotherapy 7

Decreasing of intensity due to carbon deposition

A) Normal metallic wall

Electrons mainly
escape toward to the
magnetic field line.
lons also escape to the
perpendicular direction.

B) Dielectric wall

. Positive and negative
(wall coating effect) 2

potential formed by
positive charge-up of
ion” s and negative
charge-up of electron’ s
flux repel ions and
electrons, thus the
plasma confinement is
improved.

@

Istituto Nazionale
‘ » diFisica Nucleare

C) Carbon deposition
(Adverse wall coating effect)

Carbon deposition on
the wall prevents the
form of potentials, thus
the improvement is
disappeared.

® .o o: o‘rco
2 gas

NN
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IBA C400 oy

accelerated particles B . He™ (Li").("B ), C |

Ingectson energy 25 keV/Z E*qm—ml'l_

final erergy ofions, | 400 MeV/amn : i " 2
procans 265 MeV/amn : i .
Three external 1on sowrces are mounted on the ig QE :

switching magnet on the injection line located below of § 3 | -

the cyclotron (see Fig. 1). “C* are produced by a high - ;

performance ECR. alphas are also produced by the ECR S | :

source, while H,™ are produced by a multicusp 1on source. - § B

All species have 2 QM ratio of 1/2 and all on sources are K i i

at the same potenhal so that small retunmg of the 3 g -

frequency and magnetic field change achieved by Y

different excitation of 2 parts in the mam coil are needed /s

to switch from H," to alphas or to '’C*. We expect that /% $

the time to switch species can be not more than two ‘ & 5

minutes, as long as the time needed to retune the beam { =" |2l

transport ine between different treatment rooms.

B

B e ]



NIRS 7 )

The HIMAC project INFN

‘ 7 di FI7 Nucleare
T~

IMAC
NIRS-HEC

Istituto Nazionale

/\

RFQ Linac N|RS_EC

-Charge to mass ratio>1/7
(800keV/u)

-Injection energy 8keV/u

Alvarez Linac | -Repetition rate <3Hz

Upper
. (6MeV/u)

Synchrotron -Pulse width =0.5ms

Requirement for ion sources

(800MeV/u)

Biology

Exp. room

Therapy room

Secondary Beam
Course

Lower
Synchrotron

(800MeV/u) High-Energy

HIMAC (Heavy lon Medical Accelerator in
Chiba)
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lon sources at HIMAC "%
IMAC /
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18GHz NIRS-HEC INFN ..

i Waveguide

" , V _Gas inlet
= o N Mirror magnet
5001/sTMP e
| i

1]

| Plasma chamber
Extraction electrode —lHl==

(movable) Sextupole magne

'"1

I
{ 1jit
gt L

L1
High voltage™
platform

Acceleration gap
(Insulator)

Analyzer magnet

LH

mass—flow controller

‘ /’ diFisica Nucleare

CaseBandC

HEAT 1

Vs |
, T MIVOC
[@ ; — | container
* Features

Max. 60kV high extraction
voltage

Optimize the radial magnetic
field for ion and electron
fluxes

MIVOC method with thermal
control

Backup for carbon-ion
radiotherapy



IR . oy
NIRS Improvement of plasma instability mﬁ
by two frequency heating L s
HIMAC
10euA / div.
R e e KLY 720W + TWT300W
;. =1020W

KLY only 960W (unstable)
KLY only 720W

KLY only 480W




CNAO (National Center for Hadrontherapy, Pavia) Hl/l-' "’

ACCELERATOR

3 Treatment
rooms



INJECTOR

RFQ —-400 kEV/U LEBT

LINAC — 7 MeV/u

ECRs — 8keV/u
Same Bp

»a



SUPERNANOGAN
ECR lon Source

)
INFN
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Better sources can be built (GTS,
SERSE,VENUS) but a hospital facility
is not adapted to ‘difficult” multi-
parameters ECR sources that can be
managed in a laboratory

environment

Even a “simple” Hypernanogan
source requires a higher cost for
electricity, which is not the case for a
source with permanent magnets like
Supernanogan

Minimizing the number of
components subject to failure in
Supernanogan source, its reliability is
in principle higher

38



ECR lon Sources

Both can deliver H3+, C4+ and other species
14.5GHz

Built by Pantechnik on INFN-LNS Design

)
INFN

L/ di isica Nucleare
* Double wall, water cooled plasma
chamber, 7 mm diameter aperture for
beam extraction.
e Permanent magnets system providing
the axialand radial confinement (axial field
from 0.4to0 1.2 T, radial field i1.1 T)
e Copper made “magic cube” for
microwave injection system = waveguide
to coaxial converter with a tuner to
minimize the reflected power.
* RF window for the junction between the
magic cube at high vacuum and the
waveguide at atmospheric pressure.
e A gas injection system.
e A DC bias system to add electrons to the
plasma and decrease the plasma
potential.
* An RF generator of about 400 W at 14.5
GHz (the effective power used in
operation is below 300W).
* Flexible frequency variable travelling
wave tubes amplifiers (TWTA) .



ECR lon Sources

)
INFN
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Current Current After improvements Emittance Emittance -
Ions (requested) | (available) by INFN-LNS (requested) | (new extractor) ?;gbsl};t{
[nA] [nA] [nA] 7 mm.mrad 7 mm.mrad 070
CH 200 200 250 0.75 0.56 36 h
H," 1000 1000 0.75 0.42 2h
H;" 700 600 1000 0.75 0.67 8h
He* 500 500 0.75 0.60 2h

Major improvements

1)

intensity and emittance

Frequency tuning for the microwave injection: improvement to beam

2) New extraction system: improvement to beam emittance and stability

3)

Changes to gas input system: much better stability



Evidence of Frequency Tuning Effect (FTE) on g

INFN
the SUPERNANOGAN source L arn
260 - | | |
240 Trend of the analyzed C*
; A current versus the RF
220 ﬂ frequency.
< 200-
E 100 > The extracted
S 1e0- ) cUrrent Is
140.'\/ doubled after a
120- . frequency shift of
' ! v T v / T T T
14,44 14,46 1448 14,50 14,52 5 MHz

Frequency [GHZ]

Transmission of a cyclotron or a RFQ changes
significantly when the frequency of the source is slightly
changed.



¥l Control-ampli 500T8G18 + SMR20.vi

Fichier Edition Exécution CQutils Parcourir Fengkre  Aide

RF GENERATOR 8.000 10000 12.000 14.000 16000 18.000

& Output Level (dBm)
f =
Com port RF OFF \”. . _JII . . } l./j| -8.82
g 0 00 -BO -100 -150 -200 -25.0 -30.0

DPERATE RF DN

STAND BY RF OFF

8-18 GHz 500 WATTS

RF AMPLIFIER

Com port

c

(] -
RF ON Frequency (GHz)
SMR 20 ‘ { I ;414309000

o

Frequency tuning: easy to be implemented

)
INFN

g

Istituto Nazionale
di Fisica Nucleare
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12 5P control
Publer monitor ¥ 09 1.36 -4 | — }I‘
e 8V N R e T R D O
L [ 00 210000
Analysing Magnet.
414 1Q 8 Theorcal (G)| ces.se
e
B ) 12 |
iy
=
P 30 |
RF tuning,
Bis rrocitor V] [ T
00 ' 10000 20 : PP 5
.1 =00.0
POWER
—— I N
0.0 260.0

2400 W
zZ0.0

For C* the current provided by o
SuperNanogan was increased from "
200 A to 250 uA thanks to the o

an.0

frequency tuning (even better i = V
improvements obtained with Hy*) 50 /L /\ J | | LJ oo
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Load File

Emit vs Fraction | Profiles

CNAOEmit-CalcStatEmittance.vi

BWS Scans

Wire Current (A)

+HE@wol |

Wire Current (A)

1.1E-6)
1E-6-|

8E-7-

6E-7 -]

4E-7-

2E-7-

0/
-0.03

—
-0.03 -0.02

D
-0.02

0
-0.01

Position (m)

0

Position (m)

Sources currents and emittances INFN,....

| =lolx|

T '
0.02 0.04

Profile Index /6

‘ LOffset (UA) T%nssg Paramete?é3 o)
jo.060 alfa beta gamma
ThrBIAS (% 335|181 J679
Jo.o

Thr Noise (% RMS Emittance (x mm mrad)|
2.0 32.87

Reference ellipse

alfa
9-3.35¢

beta (m) Fraction inside reference Emittance
J1.810 0.922

Emit (x mm mrac
9180.0

C*, 250 uA
(design = 200 uA)

Load File

Emit vs Fraction

| Profiles

di Fisica Nucleare

H,*, 1.4mA
(design =800 uA

Emittance measured
after spectrometer

-0,02:
Position (m)

’ Cut Parameters y
Profile Index 1} 14 Pos0 (mm) Pos'0 (mrad)

10ffset (uh) 1044 4719
0,640 Twiss Parameters
- alfa beta gamma
Thr BIAS (%) 0,20 l0,31 340
o0
v,
g Thr Noise (%)
: 10 52,86
£ 7
5
Y Reference ellipse |
- alfa
) 0,200
beta (m) Fraction inside reference Emittance
o310 0,886

ER [ 1 "
-0,100118 -0,05 0,032997 Emit (1 mm mrad)

Position (m) ; 180,0
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LEBT

Diagnostic tanks containing
slits, wirescanners, faraday cups
Along the line + TBO

Emittance and Twiss Parameters measurementns
With tank diagnostics

With Quad scans

Model Agreement better than £ 10%

EMITLITOEND
Win32 version 8.51/15 05/05/10 17.01.0
B. B. D D.
@ el J
10. -
5. A
\M——.
0.0 =

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 45 50 55 6.0
s(m)



Easy control from operators (even mfn’

non-PhD educated) L st

Fichier Edition Exécution OQutils Parcourir Fenétre Aide

B[&][@[n]
:

PULLER) | 1.80E-7
(15 | ExyactonP
Mag
I 1 |
. = e

L1200
= O - ——
| b 3595

(I e —

[2oom +] [Zsom:] fro1 |

Focus mornitor 1 || 0.05 |
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dro2 |

! (D T :

45500
(T
Po= 303W| ¢

7

Reflected Powver |

Jaeten an)

co2 4He :EE‘:!:-
m -RESH -DPERATE r m |—
| weom |

4.62060 -
_—
: | 5.54E+0
_R emote mod

Gas Panel P

Control panel during C** tests




AXCEL-INP VERSION 4.36
*E-2M

COMMENT: CNAO ORIGINAL

DATE: 12/(

The simulations of the new
extraction system installed in
the SUPERNANOGAN source
build for CNAO.

ITERATION 17

color table VW

-24030.
20454.3
16878.6

13302.9

9727.14

B 6151.43

AXCEL-INP VERSION 4.36

radial emittance

)
INFN

‘ Istituto Nazionale

di Fisica Nucleare

ITERATION 7 .
4 species calculation

epsilon (100%) *E-2 rad epsilon (rms)
105,961 mn nrad - T 2.939  mn mrad
fp o | ] 10 0 nead
88.0422  mm nrad | 5. | 3.6713  mm nrad
alpha alpha

-3.484% | -472.1322

i b e
-4.3933 -34.8366

beta L beta

1.4807 m 17,0879

o LU g 1
1.8722 m 14.1313 n
ganma ganma

8.8768 1§m B 103,94 l;m
4107 pn R
10,8433 I/n L -5 85.9504 1/m
T

m/ L3333 - B

W :516? g7 -1 = 1. 2. *E -2 meter

enittance at 0.3500

COMMENT: CNAO ORIGINAL

m, I= 0.6412  nA

INFN Catania (ITALY)
DATE: 12/03/05 TIME: 14:56:56
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SoftFor. EMittDispDeConto.vi k
outils Parcourir Fendtre Aide Istituto Nazionale
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e
8-

15 20
Slits position N°

s k500 BT 700 BCE I — oo .

emit Lwires 250A C4+ slits open f=14.504GHz

' ' '
15 20 25
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Reproducibility, stability issues not only for
the current but also for the emittance
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Figure 36: 12C* Emittance with the new gap.

Emittance for a typical C* beam
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Figure 52: Hs* emittance at the end.

Emittance for a typical H;* beam
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Figure 46: Hz* 8h: Stability 0> 7200s.

Stability test for H;*
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plasma ground

Accel-decel extraction needs to be improved



Evidence of hexapolar field effect
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Huge impact of FTE on ion dynamics and beam formation Hlﬁ
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\

: : E N
Near axis density = L

depletion takes
place because of
low EM field. Most
of the resonant
modes at f>10GHz
exhibit holes in near
axis zone

14.499742 GHz

Hollow beam formation is a common
feature of most of ECRIS.

Transversal beam shape confirms ions
are magnetized in outer plasmoid region

-0.05 -0.06
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Next step: AISHa

Advanced lon Source for Hadrontherapy



CNAO SUPERNANOGAN PRO/CONS INFN

Very simple source with just a few parameters to
set, important for installation in hospital
environment.

Currents limited by the limited power sustainable
and from the rigid magnetic field structure.

Lack of space in extraction to further optimize the
extraction system

Metal beams not available



AISHA I " e
Advanced Ion Source for HAdrontherapy (s

AISHA 1s a hybrid ECRIS: the radial confining field is obtained by means of
a permanent magnet hexapole, while the axial field 1s obtained with a set of
four superconducting coils.

The superconducting system will be Helium-free at 4.2 °K, by using two
cryocoolers.

The magnetic field values are following the scaling laws (R. Geller) and the
High-B-mode concept (G.Ciavola & S.Gammino), experimentally validated
in ’90s at INFN-LNS and at MSU-NSCL.

The operating frequency of 18 GHz has been chosen to maximize the
plasma density taking into account the availability of commercial microwave
tubes and the specificity of the installation in a hospital environments.

The electric insulation 1s chosen to be 40 kV, for daily operation above 30kV.



AISHA mﬁ

Advanced Ion Source for HAdrontherapy o

The set of four superconducting coils independently energized will
permit to realize a flexible magnetic trap, which is fundamental to
study alternative heating schemes based on Bernstein waves excitation
and heating in sub-harmonics.

The use of a broadband microwave generator able to provide signal
with complex spectrum content, will permit to efficiently tune the
frequency increasing the electron density and therefore the
performance in terms of current and average charge state produced.

The experimental activity will be reinforced by numerical simulations
to deeply understand the plasma heating in different conditions.
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AISHA )

Advanced Ion Source for HAdrontherapy w "

An adequate extraction system takes into account the production of
high current and high charge states. The project will benefit of the
experience gained with the design of high intensity sources (TRIPS,
VIS, ESS).

The chamber dimension and the injection system have been designed
in order to optimize the microwave coupling to the plasma chamber
taking into account the need of space to house the oven for metallic
ion beam production.

GOAL : 3 times more current than
SUPERNANOGAN

Same emittance, reliability, stability

Possibility to produce metallic ion beams

62



INF
AISHA design features e
Radial field 13T
Axial field 26T-04T-15T

Operating frequencies

18 GHz (TFH)

Operating power 1kW

Extraction voltage 40 kV

Chamber diameter / length A 92 mm / 300 mm
LHe Free

Iron yoke diameter/length 42 cm / 60 cm
Source weight estimation 480 kg
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AISHA assembly INFN

1 &
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AISHA entire magnetic system mﬁ
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Map contours: BMOD
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software for sectramagnety: design
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lon sources for hadron therapy INF

v’ lon sources satisfy the current accelerators’ requirements
v' Room for improvements is available

v’ Either in Europe and Japan there are interesting
developments



Ideal ion source for isotope production must have: yr

v’ beam current as large as possible, depending on the limits
on target reliability;

v' an emittance lower than accelerator acceptance;
v good stability;
v’ user friendly;

v" high MTBF and short MTTR;
v" low maintenance

v moderate installation and maintenance cost



Los Alamos Neutron Science Center (LANSCE) mﬁ
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800 MeV linear
accelerator and

proton storage ring
Isotope production facility
Proton radiography

Lujan center
(neutron scattering)

Weapons neutron
research

Ultra-cold neutrons &
Materials test station

RQ



Standard H-ion source at Los Alamos Neutron Science Center 7 ’
(LANSCE) INFN

(L anem:
Charge-exchange injection into PSR accumulator ring at 800-MeV
energy
Multi-cusp discharge chamber
Cesiated, biased converter for ion production

Outlet flange

- i " ,/
Discharge gha
192 mm @ia

Slide
69




Negative (H") ion source at LANSCE

Beam current

16-18 mA

Duty factor 6 %,1 ms pulses @ 60
e/H- ratio <5
Emittance < 0.25 Tmmmrad

(95 % norm. rms)

Time-between-
services

> 4 weeks
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H" ion source development strategy at LANSCE  jyrn

= Gradual development of the filament-driven

surface conversion ion source

= Program for studying the feasibility of RF-driven
ion sources for LANSCE linac

= Helicon ion source development at LANSCE

= QOther ion source options (HYBRIS-concept and

ECR-driven surface conversion ion source)



Development of the filament-driven surface 7
conversion ion source: Filament properties [ St

llllllllllllll

* Filament strength and longevity depend on the
material grain size
* |[mpurities
* Processing

= Adding 3 % of Rhenium into the Tungsten
filaments have been proven to enhance the
material properties (grain size - longevity) in
other applications



Development of the filament-driven surface )
conversion ion source (L et

= Improvement of the filament material

» Longer lifetime @ the same performance level OR

» Higher performance (current) @ the same lifetime

* Improvement of the source temperature control

= Higher performance (current) BUT

= Effect on the lifetime still unknown

* Improvements in beam current allow us to
reduce the size of the extraction aperture

= | ower emittance



Development program for RF-driven H-ion source(s) n¢

= Why RF-driven sources
» Long lifetime with external antenna
= Higher plasma density

= \olume vs. surface production?
= Surface production is more effective and technologically more
simple
= Converter-type source or two-stage source with
magnetic filter (SNS-type)?
= Converter-type:
“self-extracted beam” yields intrinsically lower emittance

higher duty factor easily attainable due to lower plasma density
requirement (manageable temperature and Cesium control)



Helicon-driven surface conversion ion source y¢

Istituto Nazionale
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Helicon-driven surface conversion ion source |NgN
(L et




RF-driven H- sources: Collaboration with SNS  x¢

= Performance Soace o

= 40-50 mA @ 5% duty factor modules
(30-50 kW RF-power) —

= Emittance is unknown

= Studies of different plasma

confinement techniques

= Cusp-magnets
» Solenoid magnet
= Power density experiments

= Optimizing the power density
= RF power vs. chamber dimensions
- Avoid iral st 6 The figure is courtesy of
void neutral starvation R.F. Welton, SNS

Two layer
antenna



Other ion source concepts for LANSCE: NECRIS mﬁ

Istituto Nazionale
‘ » diFisica Nucleare

The neutral pressure seems to be the limiting parameter in the case of
the helicon surface converter source - Plasma ignition should be
based on resonance 2 2.45 GHz ECR heating

Quartz plasma chamber
Half-loop antenna
Resonant cavity
Hydrogen / Cesium inje
Outlet aperture
Conversion surface and
Permanent magnet deca

Iron yoke

0/0/0/0/0/0/010




Multicusp sources

Iba: Dual source (internal) to
enhance the uptime

“the global ion source lifetime is
greatly extended, the number of
maintenance interventions
reduced and personnel exposure
is further limited”

The negative hydrogen ions
are produced by an external
multicusp arc discharge ion
sources producing an H-
beam. This external source is
combined with axial
injection. The use of an
external source avoids the
vacuum problems leading to
beam losses and activation of
cyclotrons with internal
sources.

Maintenance is easier and
safer.
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Feature
— Indirectly heated cathode type.

— Very low duty pulsed operation
* long lifetime (over one week)

* high intensities for highly charged
ions
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Cathode

A plasma is built up
Slit between the two cathodes

The magnetic field keeps

the plasma arc concentrated

The plasma column and the cathodes
are put in a closed volume to maintain

the gas pressure without loading
the cyclotron vacuum system excessively

Cathode



Ideal ion source for BNCT must have: INF

v’ the necessary beam current (with a margin of 20% or
more), i.e. many mA of protons

v/ an emittance lower than accelerator acceptance;
v high stability and high reproducibility;

v’ user friendly;

v" high MTBF;

v" low maintenance.



Z7)
Clinical Trial of reactor based BNCT é"j"

di Fisica Nucleare

Argentina 0 7 2003-
Czech Republic Egzc)lear Research Institute Rez plc (NRI- 7 0 0 2 2000-
Finland Technical Research Centre of Finland (VTT) 272 0 0 272  1999-
Italy 0 0 2 2 2002-
Hitachi Co. 13 0 0 13 1968-1974
Japan Atomic Energy Agency 1 0 0 1 1969
Japan Atomic Energy Agency 33 0 0 33 1990-1996
Japan Atomic Energy Agency 47 0 0 47 1999-2007
Japan Japan Atomic Energy Agency 30 4 24 58 2010-2011
Musashi Institute of Technology 99 9 0 108 1977-1989
Kyoto University 47 14 61 122 1977-1995
Kyoto University 97 8 105 210 1996-2006
Kyoto University 30 4 24 58 2010-2011
Sweden Uppsala University 52 0 0 52 2001-2005
Taiwan 0 0 10 10 2010-
the NetherlandsHTR Pettern 22 0 0 22 1997-
Brookhaven Graphite Research Reactor 28 0 0 28 1951-1958
Brookhaven Medical Research Reactor 17 0 0 17 1959-1961
USA Brookhaven Medical Research Reactor 54 0 0 54 1994-1999
MIT Reactor 18 0 0 18 1959-1961
MIT Reactor 18 6 0 24  1994-




Accelerator based BNCT facility at Kyoto
University

Specifications of accelerator

Type : Cyclotron
lon - H

Energy : 30 MeV
Beam current -2 mA
Heat load : 60 kKW

Irradiation field : 250mmx250 mm

)
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Specifications lon source
Type

Beam current

Max. extraction voltage
Max. arc current

Gas

: multi cusp
:H 15 mA

: 30 kV
:2.5A

: H,




Key technologies for a cw p or d linac (5-40 MeV) m?

 ECR sources (high intensity, high
reliability continuous beam)

* RFQ acceleration with high
transmission (about 90%) of a
continuous beam and preparation of
time structure for RF acceleration.

« Superconducting cavities for cw linac
operation (HWR or QWR derived from
heavy ion linacs like ALPI)

» Solid state RF ampilifiers for reliable
cw operation (10-150 kW)

« High power targets (solid beryllium or
carbon, liquid lithium). SPES BNCT
and SPIRAL2 prototypes

» Dosimetry to characterize the neutron field




Proton beam current:
60 mA dc

Beam Energy:
80 keV

Beam emittance:
Erys < 0.12 1 mm mrad

Reliability.
close to 100%

Built at INFN-LNS, then moved to INFN-LNL, now ready for BNCT facility



Proton Fraction [%]

86.0%

84.0%

82.0%

80.0%

78.0%

76.0%

74.0%

72.0%

70.0%
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Proton fraction L

90% was obtained
in 2005 at 1 kW
with Al,O; tube

0 200 400 600 800 1000 1200 1400 1600

P [W]



Parameter

)

Extractionvoltage 80 kV INFN
Puller voltage 42 kV l Istituto Nazionale
Repeller voltage _2. 6 kV di Fisica Nucleare
Discharge power 435 W
Beam current 35 mA
Mass flow =~0.5 scem)
40
Extracted current
Beam stop
W current
30
T 25
=
- . .- ’ o
c Availability aver 142h 25 = 99.8 %
= 20
(8]
E
©
(V]
m 15
10
5
START STOP
22/05/2003 28/05/2003
19:32 0 T T T T T T 17'57
22/05/2003 23/05/2003 24/05/2003 25/05/2003 26/05/2003 27/05/2003 28/05/2003
16.48 16.48 16.48 1648 16.48 16.48 16.48



7)

TRIPS operating parameters Lo s
Requirement Status
Beam energy 80 keV 80 keV
Proton current 35 mA 55 mA
Proton fraction >70% 80% at 800 W RF power

RF power, Frequency

2 KW (max) @245 GHZ

Upto 1 kW @ 245 GHz

Axial magnetic field

875-1000 G

875-1000 G

Duty factor 100% (dc) 100% (dc)
Extraction aperture 8 mm 6 mm
Reliability ~100% 99.8% @ 35mA (over 142 h)

Beam emittance at RF(Q) entrance

=0.2 Tmmmrad

0.07+0.20 " mmmrad




Conclusions (?) INFN

This lecture does not imply “conclusions” as it is a snapshot of “work in
progress”.

The three different applications will become more convenient if they can
be based on better ion sources than the ones existing nowadays, so
further developments in the coming years are highly probable.

The presentation displayed a large variety of techniques that can be
adapted to different needs, satisfying all present requirements.

The availability of mA range ECR ion sources for highly charged ions may
change significantly the situation of isotope production facilities and will
also improve significantly the operations of hadron therapy facilities.



